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Many spin-depolarizing resonances occur during the acceleration of a polarized proton 
beam in a high energy circular ring. The individual resonance correction technique used 
at the ZGS,' S a t ~ r n e , ~  KEK3 and the AGS4 becomes impractical above beam energies 
of about 20 GeV. Recent experiments5-lo at the IUCF Cooler Ring demonstrated that a 
full Siberian snake" could overcome an imperfection depolarizing re~onance,~ an intrinsic 
resonance6 and overlapping resonancesg by rotating the spin of each proton by 180" on 
each turn around the ring. 
However, the orbit distortions caused by a full transverse Siberian snake are especially 
large at injection in medium-energy accelerators such as the Fermilab Main Injector and the 
Brookhaven RHIC. This large orbit excursion problem could be overcome if the adiabatic 
turn-on of a Siberian snake does not cause depolarization. The strong higher energy 
depolarizing resonances could then be overcome by adiabatically turning on a full snake 
Adiabatic Changes 
Figure 1. The transverse polarization, Pt = d m ,  at 370 MeV is plotted against 
the number of times the 25% partial Siberian snake was turned on or off. The dashed line 
is the best fit to the data; the data show no depolarization within our 2% precision. 
near 20 GeV; while the weaker low energy resonances could be overcome using either earlier 
or a partial Siberian snake.8 
We recently constructed two rampable warm solenoid magnets which bracketed our 
existing superconducting solenoid to form a variable strength Siberian snake; we could 
vary the snake's strength between about 0 and 25% at 370 MeV, where the spin tune, 
v,, is exactly 2; either with or without a snake. As shown in Fig. 1, we measured the 
beam polarization after adiabatically varying the snake either once, twice or ten times; we 
found no polarization loss within our 2% precision.10 This result supports the conjecture 
that a Siberian snake can be ramped adiabatically at an energy where the spin tune is a 
half-integer. This adiabatic Siberian snake turn-on capability could allow more efficient 
acceleration of polarized proton beams at medium-energy accelerators by avoiding the low 
energy orbit distortion problems. 
We also studied the capabilities of a partial Siberian snake during polarized beam 
acceleration.12 We accelerated a polarized proton beam from 95 to 140 MeV, while ramping 
a 10% partial Siberian snake along with the acceleration cycle. As shown in Fig. 2, the 
10% partial snake successfully overcame all observable depolarization due to acceleration 
through the Gy = 2 imperfection depolarizing resonance near 108 MeV. Note that G = 
1.792847 is the proton's anomalous magnetic moment while y is the proton's total energy 
divided by its rest mass. 
Figure 2. The transverse polarization, Pt = d m ,  measured12 at 140 MeV is plotted 
against the imperfection J B d l  with no snake and with a 10% partial Siberian snake. 
The dashed line is the best constant polarization fit to the snake-on data. The beam was 
accelerated from 95 to 140 MeV. 
However, we also found12 that a 20% or 30% partial Siberian snake apparently moved 
the Gy = 7 - vy intrinsic depolarizing resonance from its normal energy near 177 MeV 
into our 95 to 140 MeV acceleration range. This caused some interesting but not yet fully 
understood behavior of the beam polarization during acceleration; this behavior is shown 
in Fig. 3, where we study the beam polarization during acceleration with a partial Siberian 
snake of strength 0%, lo%, 20% or 30%. 
In most polarized beam and polarized target experiments, reversing the polariza- 
tion direction reduces the systematic errors due to possible efficiency and acceptance mis- 
matches of the detectors. We studied the spin-flip of a stored vertically polarized proton 
beam by using our RF solenoidg which could induce an artificial depolarizing resonance. 
We measured the vertical and radial polarization at 139 MeV, while ramping the solenoid 
frequency through the spin precession frequency; this caused a depolarizing resonance 
which induced spin-flip. In Fig. 4, the vertical polarization after ramping through the 
resonance once is plotted against the RF ramp time. A complete spin-flip occurs for ramp 
times of 20 msec or longer, with an RF solenoid strength of 0.0014 Tam and with the RF 
frequency ramping from 1.75 kHz below the resonance to 1.75 kHz above the resonance. 
The curve shown in Fig. 4 is calculated using the Froissart-Stera equation.13 
Figure 3. The transverse polarization, Pt = Jm , measured1' at 140 MeV is plotted 
against the imperfection J B  d! for a partial Siberian snake of strength 0%, lo%, 20% 
and 30%. The beam was accelerated from 95 to 140 MeV. 
Figure 5 shows the vertical polarization plotted against the number of RF ramps for 
a 160 ms RF ramp time with the same RF field strength and frequency range as in Fig. 4; 
the best polarization loss per flip was then about 0.4%. 
Finally, we measured the polarization loss as a function of the RF ramp time, while 
fixing the number of spin-flips to be 50. As shown in Fig. 6, the data suggested that the 
optimum ramp time for efficient spin flip was about 60 ms; notice that the polarization 
loss for a single spin-flip was less than 0.05%. 

139 MeV 
rf ramp time 
Figure  6. The vertical polarization at 139 MeV after 50 ramps is plotted against the RF 
ramp time. The RF magnetic field strength was the same for each ramp through a 3.5 kHz 
range around the RF resonance. 
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Note that this first interpolation to 140 MeV of data on A at other energies was 
apparently too low in our polarimeter's angular range, since the polarization in the 
Cooler Ring clearly can not be larger than the injected polarization, which was about 
75%. Thus there is a 15% normalization uncertainty in Figs. 2 and 3; fortunately, this 
normalization uncertainty does not affect the shape of the curves. 
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The maximum cooled proton beam peak current stored in the IUCF Cooler at 45 MeV 
is about 6 mA (i.e., 6 mA coasting beam or about 1 mA for RF-bunched beams with 
bunching factors [BF = Ipeak/Iave] of about 6). These currents have been obtained using a 
combination of stripping injection with electron cooling accumulation and transverse beam 
damping. This performance limitation is similar to that reported at other laboratories 
operating with similar beams: 
- The LEAR ring has stored 5 mA of coasting beam using electron cooling and 
- CELSIUS has accumulated 2 mA using electron cooling accumulation and dampers.3 
The un-cooled beam limit in the Cooler, however, may be 1 to 2 orders of magnitude 
higher. CELSIUS, for example, has accumulated and accelerated 40 mA (corresponding 
to a peak current of about 200 mA) using stripping injection without cooling4 - about 40 
times the maximum current stored at IUCF; the principal reason for this difference is the 
higher CELSIUS injector current, z 75 pA of HZ as compared to z 0.75 pA of H: at 
IUCF. 
Peak Current Limitation 
As might be expected, the intensity limit in the IUCF Cooler is a peak current (Ipeak) 
limit, rather than an average current (Iave) limit. Since to first order we expect the bunch 
length to vary as 1,11: in the space-charge dominated regime5j6 for a constant RF voltage, 
Vrf, it can be shown that for a constant peak current, I,,, should vary as ( h / ~ ~ ~ ) ' / ~ ,  
where h is the harmonic number. Such is indeed the case in the Cooler, as illustrated 
in Fig. 1, where the measured maximum-achievable average stored-current is plotted as a 
function of the h = 1 RF voltage. 
This suggests an operating mode that would increase Iave without actually addressing 
the IPeat limit: for highly cooled beams, the balance between the space charge and RF 
